OBJECTIVE: To investigate whether the dual-energy X-ray absorptiometry (DEXA) was a better predictor of abdominal fat, measured by magnetic resonance imaging (MRI) at the level of L2-L3, than anthropometric measurements in non-obese men and non-obese women. DESIGN: Observational, cross sectional study. SUBJECTS: 34 healthy subjects (17 men and 17 women) aged 20 ± 53 y with a body mass index (BMI)`30 kgam 2 . MEASUREMENTS: Fat distribution parameters including waist circumference and waist-to-hip ratio (WHR); intra abdominal fat (IAF) by MRI; and central abdominal fat (CAF) by DEXA. RESULTS: Measurement of IAF by MRI, was highly correlated to the CAF measured by DEXA. In men, both waist circumference and WHR had similar correlation to IAF as DEXA. In women, waist circumference was less well correlated with IAF than DEXA, and the WHR had a weaker non signi®cant correlation with IAF. CONCLUSIONS: In non obese men; DEXA, waist circumference and WHR can predict IAF equally well, while in non obese women, DEXA is superior to waist circumference and much better than WHR.
Introduction
Increased concern about obesity and its rising prevalence, has stimulated interest in identifying or predicting those at greatest health risk. 1, 2 There is increasing recognition of the independent importance of body fat distribution, and an increased risk of myocardial infarction, angina pectoris, stroke and non-insulin dependent diabetes mellitus (NIDDM) which has been shown to be signi®cantly associated with the amount of visceral adipose tissue. 2, 3 A number of methods and techniques are used for the measurement of fat distribution including anthropometry, dual-energy X-ray absorptiometry (DEXA), magnetic resonance imaging (MRI) and computed tomography (CT). These methods differ in terms of cost, experience required, reproducibility, safety for the subject and accuracy for total body fat 4, 5 and abdominal fat. 6, 7 CT has been demonstrated to be an excellent technique for measuring visceral fat. 7, 8 However, because of the radiation required for the CT examination, the number of measurements that can be performed on one individual is limited, making this method unsuitable for studies requiring repeated measurements on the same subject. 9 MRI compares well with CT measured adipose tissue area, and both techniques assessed adipose tissue volume with a comparable degree of accuracy by comparison with chemical analysis. 10 ± 12 For a simple but accurate determination of the mass of abdominal adipose tissue, several studies showed that in both men and women, only one slice at the level between the second and third lumbar vertebrae gives a high and consistent predictive value for abdominal fat. 1, 13, 14 In order to estimate abdominal fat, simple anthropometric measurements can also be used. The waistto-hip ratio (WHR) is the traditional method of identifying subjects at increased risk due to the accumulation of excess intra abdominal fat (IAF). However, a recent study in non-obese women indicates, that measurement of waist circumference is preferable because it re¯ects the IAF mass 1 and is more strongly related than WHR to the health risks associated with obesity in men and women. 15 Furthermore, waist circumference is better correlated to IAF measured by CT than WHR in non-obese men and non-obese women aged b 40 y, while in younger men, both waist circumference and WHR showed the same correlation with IAF, but in younger women, the correlations were considerably weaker. bone mineral. It appears to offer a precise and simple way of measuring total and regional body fat and lean masses. 17, 18 The effective dose equivalent per whole body measurement is`5 mSv and this low radiation exposure allows repeated examinations. 19 However, as it is two dimensional, DEXA cannot differentiate between IAF and subcutaneous fat, therefore DEXA has been used to assess central abdominal fat (CAF) that is IAF in addition to anterior and posterior subcutaneous fat excluding approximately 30% of the abdominal subcutaneous fat. 20 In 1992, Svendsen et al 17 found that abdominal fat measured by CT in postmenopausal women, was better correlated to the CAF estimated by DEXA than either waist circumference or WHR. 17 None of these studies compared whether DEXA measured IAF better than anthropometry in non obese men and non-obese women, and as DEXA is more expensive and time consuming than anthropometry, it is important to evaluate the usefulness of using DEXA to estimate the IAF. The aim of the present study was to investigate whether the DEXA was a better predictor of abdominal fat, measured by MRI at the level of L2-L3, than anthropometric measurements in nonobese men and non-obese women.
Methods

Subjects
There were 34 healthy subjects (17 women and 17 men), recruited through local media. Women and men, aged between 20 ± 51 y and 25 ± 53 y, respectively, body weight 46 ± 84.6 kg and 58.5 ± 87 kg, respectively, and body mass index (BMI) 19.6 ± 29.8 kgam 2 and 20.4 ± 28.3 kgam 2 , respectively. The study was approved by the Joint Ethical Committee of Grampian Health Board and the University of Aberdeen, and all subjects gave informed written consent to participate.
Anthropometry
Weight in light clothes was measured to the nearest 50 g, and height was measured barefoot with the head in the horizontal Frankfurt plane to the nearest 0.1 cm. Measurement of waist circumference was performed midway between the lateral lower ribs and the iliac crests while the subject was standing, after a moderate expiration, and the hip circumference was measured at the widest part over the greater trochanters. Waist and hip circumferences were recorded to the nearest millimetre, and the average of two measurements was used for analysis. Skinfold thickness was measured on the left side of the body to the nearest millimetre at the biceps, triceps, subscapular and suprailiac sites using standard skinfold calipers. The sum of the four skinfold thicknesses was used to estimate the total body fat in all subjects. 21 
MRI
In women, the Mark II imager developed by the Department of Biomedical Physics and Bioengineering, University of Aberdeen was used for the total body MRI examinations. Magnetic ®eld strength was 0.08 T 22 and a pulse sequence technique using an interleaved inversionasaturation recovery method, repetition time 1000 ms and slice thickness 20 mm, was used to synthesise the images in order to distinguish fat from other tissues. Four images were used: at the xiphisternum, anterior iliac crest and another two equally spaced between these levels. Adipose tissue volume was calculated using a truncated cone model. 23 Fat areas of the images were traced by hand using computer mouse, the areas were obtained in pixels and converted to cm 2 . In men, the Mark II imager was no longer available, so the MRI images were obtained from a Siemens Magnetom Impact System (Siemens AG, Erlangen, Germany). Magnetic ®eld strength was 0.95 T and the whole body was examined in contiguous 10 mm transaxial slices using a T1-weighted spin-echo sequence (TR 1150 ms, TE 12 ms). Field of view was 500 mm and acquisition time was 3 min 18 s for a group of 25 slices. MRI images at level of L2 ± L3 intervertebral space of 5 cm thickness were collected and analysed with a histogram technique 24 using ANALYZE image analysis software program (CN Software, Rochester, MN) to analyse the intra abdominal, subcutaneous and total abdominal adipose tissue in this area. As shown in Figure 1 , a line can be drawn manually to separate between the intra abdominal and subcutaneous abdominal fat, then a different threshold can be applied to each compartment to separate the adipose and non-adipose tissues. Intra abdominal adipose tissues were selected according to standard anatomical knowledge. The number of pixels within the intra abdominal area was automatically calculated, and a histogram curve showing the number of pixels Measurement of abdominal fat in non-obese men and women EG Kamel et al of different intensity was displayed. The bi-model distribution was used to determine a cut-off value for image intensity of adipose tissue (high intensity) and non-adipose tissue (low intensity). The number of pixels above the cut-off intensity was calculated and converted to a cross sectional area which was measured to re¯ect the adipose tissue. The MRI analysis was repeated twice and the average of the three values was used for the analysis. Adipose tissue was assumed to contain 80% fat, 18% water and 2% protein, and fat mass was calculated in kilograms, assuming the density of the adipose tissue to be 0.9255 kgaL. 25 All subjects wore comfortable clothes without any metal in the clothes or any jewellery attached to their bodies. During MRI examination, the subjects stayed absolutely still to reduce interference with the images. In both sexes, measurements did not include the head, feet, forearms and hands.
DEXA
Whole body DEXA measurements were made with a Norland XR26 Mark II HS Scanner (Norland Corporation, Winsconsin, USA), equipped with dynamic ®ltration. A standard whole body DEXA examination includes total body and three regional measurements of trunk (chest, abdomen and pelvis), arms and legs, to analyse body composition according to a three compartmental model; including fat mass, lean tissue and bone mineral content. The standard soft tissue analysis was performed using software version 2.4 supplied by the manufacturer. Total body fat was estimated for each subject in kg. CAF was measured using the region of interest facility to de®ne a rectangular area of abdominal tissue of 5 cm thickness at the level of L2 ± L3. This included the IAF at this region plus anterior and posterior subcutaneous fat.
The measurements for CAF were calculated three times with three different widths of the region of interest; ®rstly with vertical sides of the rectangle extending to the lateral margins of the image (CAF1); secondly, with vertical sides as the continuation of the lateral sides of the rib cage 20 (CAF2); thirdly, with ®xed width of 15 cm 26 (CAF3) (Figure 2 ).
Only 12 women had DEXA, the time interval between MRI and DEXA measurements was approximately two months, and the weight of the subjects did not change by b 2 kg in this period. Five of the women were not available for the DEXA measurement. In the men, the interval between MRI and DEXA was not more than two weeks.
Statistical analysis
Data are presented as mean AE s.d. and differences between men and women were tested by unpaired ttest. Linear regression and correlation coef®cients were used to assess the relationship between variables. Multiple regression analyses were applied to identify the best predictors of IAF. Analysis was carried out using SPSS Advanced Statistics software version 6.1 (SPSS Inc., Chicago, USA).
Results
Characteristics of the samples of men and women are presented in Table 1 . An initial comparison of the results shows that men were taller, heavier and had higher waist circumference and WHR than women. The DEXA women (n 12) were similar in anthropometric characteristics to the MRI women group (n 17).
Total body fat measured by DEXA indicates that women had more fat than men. This high fat content in women is mainly in the subcutaneous area as measured by MRI (P`0.05). The mean value of BMI indicates that men were slightly more overweight than women (P b 0.05) and they had more IAF as measured by MRI than women (P`0.001). As DEXA measures CAF, which includes anterior and posterior subcutaneous fat in addition to the IAF, it was found that CAF was higher than IAF as measured by MRI for both women and men (Table 1) .
To detect the best width in the abdominal region of interest for estimation of the CAF by DEXA, we measured the fat in this area by using three different widths. The correlation coef®cient between IAF and each method was calculated using linear regression. All methods were also highly correlated with IAF by MRI with correlation coef®cients ranging from 0.83 ± (Table 2) . Measurement of CAF2 and CAF3 included 84% and 46.5%, respectively, of the total regional fat measured by CAF1. In order to compare MRI and DEXA, the data were divided into tertiles. Of the 12 women 8 were correctly classi®ed by DEXA and no subject was grossly misclassi®ed, while 13 men out of the 17 were correctly classi®ed by DEXA and no subject was grossly misclassi®ed (Table 3a and Table 3b ). Table 4 , and Figure 3 , Figure 4 , Figure 5 and Figure  6 , show the correlation coef®cient of the other measurements with IAF as measured by MRI. In men, waist circumference and WHR show the same correlation with IAF as CAF (r 0.89, 0.90 and 0.87, respectively). In women, CAF shows a better correlation coef®cient with IAF than waist circumference (r 0.88 and 0.77, respectively). Furthermore, WHR was not signi®cantly correlated with IAF (r 0.44, P 0.08).
Using multiple regression, the addition of waist circumference, WHR or waist height ratio to CAF by DEXA did not improve the correlation coef®cients in women, while in men the correlation increased to 0.90 (P`0.001) using DEXA and waist circumference, and 0.93 (P`0.001) for DEXA and WHR (Table 5) . Table 6 shows that WHR, waist circumference and CAF2 by DEXA in men, explain nearly the same Comparison by unpaired t-test between women (n 17) and men (n 17) except for TBF and CAF2 by DEXA (n 12 women). For de®nition of CAF1, CAF2 and CAF3 see text. Table 3 Comparison of tertiles of intra abdominal fat (IAF) and central abdominal fat (CAF) in women (Table 3a) and men (Table  3b) . Table 3a MRI magnetic resonance imaging; DEXA dual-energy X-ray absorptiometry.
Measurement of abdominal fat in non-obese men and women EG Kamel et al amount of variance in the IAF (80%, 79% and 76%, respectively), while in women CAF2 by DEXA explains more of the variance than waist circumference (78% and 59%, respectively). Moreover, WHR in women explains a non signi®cant amount of variance.
Discussion
Despite the fact that women have a higher percentage of body fat than men (30.7% and 23.2% of their body weight, respectively, based on DEXA measurements in this study), male subjects had signi®cantly higher mean waist circumference and higher mean WHR, in agreement with the greater tendency of men to accu- DEXA dual-energy X-ray absorptiometry; WHR waist-to-hip ratio. *R multiple regression.
Measurement of abdominal fat in non-obese men and women EG Kamel et al mulate excess fat in the abdominal region. 2 In addition, the men had a substantially lower mean total abdominal fat than women, but they had higher IAF, in agreement with the previously documented greater tendency of men to store fat within the abdominal cavity. 11 Furthermore, by comparing total abdominal fat and IAF by MRI, it can be calculated that women had just 24.5% of the total abdominal fat as visceral fat, while men had 47.2% as IAF. Some of these differences may be due to the use of different MRI images and different analysis techniques between men and women, but it seems unlikely that such a large difference can be explained by the difference in techniques only.
In this study, we compared the waist circumference, the WHR and DEXA with regard to their relations with total body fat as measured by skinfold thickness. Waist circumference and DEXA were strongly associated with total body fat in both sexes, while the association between WHR and total body fat mass was substantially weaker (data not presented).
Waist circumference was signi®cantly correlated to intra IAF measured by MRI in men (r 0.89) and in women (r 0.77) in agreement with Seidell et al 16 who reported signi®cant correlation, in non obese subjects, ranging from 0.81 ± 0.90 in men and 0.49 ± 0.86 in women, according to their age; while Pouliot et al 15 estimated a correlation of 0.77 in men with wide ranges of age and BMI, including obese subjects. The correlation between waist circumference and IAF in the women of this study, was less than other studies 1, 15, 17, 27 in which the range of the correlation was 0.84 ± 0.87, while Ross et al 11 found a correlation between IAF and waist circumference less than ours (0.65). The differences between the results of this study and the other studies, may be due to the differences in age and BMI ranges or measurement techniques.
Weaker correlation between IAF and WHR than with waist circumference in women, was found in this study (0.44), in agreement with other studies which reported a correlation range between 0.59 ± 0.69, 1, 15, 16, 27, 28 WHR is often used in the clinical setting as an indicator for metabolic complication of obesity, as con®rmed in this study in men. The adjusted r 2 between WHR and IAF in women was low (0.19). Moreover, adjusted r 2 in men between IAF and either waist circumference, WHR or DEXA was similar to each other. Thus WHR and waist circumference are good and simple indicators for IAF only in men while in women, it is suggested that a measurement such as DEXA should be considered by clinicians instead.
Carey et al 20 in 1996 excluded some subcutaneous fat by applying the lateral margins of the abdominal region of interest as a continuation of the outer edge of the rib cage. They mentioned that this method excludes approx. 30% of the total abdominal subcutaneous fat. In the current study we found that this method (CAF2), as well as the other two methods (CAF1 and CAF3), are highly correlated to each other and to IAF measured by MRI, therefore, using any of these methods can predict IAF mass accurately.
Measurement of IAF by MRI as a gold standard, showed a good correlation with DEXA predicted abdominal fat (r 0.87 in men and 0.88 in women). Furthermore, by dividing the data into tertiles, no subject was grossly misclassi®ed. Jensen et al 7 measured IAF by CT in men and Svendsen et al We also compared the waist circumference, WHR and DEXA with regard to their relations with abdominal visceral fat. CAF by DEXA was strongly associated with the level of abdominal visceral fat in both sexes. In addition, waist circumference and WHR give the same correlation as DEXA in men. In women, waist circumference showed slightly weaker correlation than DEXA and WHR showed a much weaker correlation than DEXA. These results suggest that DEXA is superior to waist circumference or WHR in women, while these measurements are the same as DEXA in men. Therefore, for a simple and easy method to estimate the abdominal fat mass, waist circumference or WHR are more useful in men, while in women DEXA is more useful.
Unfortunately, the combination of DEXA and anthropometry did not improve the correlation in women, while in men there was a slight improvement. Jensen et al, 7 who used a group of men and women with a wide BMI range, found that the combination of DEXA and anthropometry, was not a better predictor of IAF than each one alone. Measurement of abdominal fat in non-obese men and women EG Kamel et al
Conclusion
IAF measured by MRI and CAF estimated by DEXA were highly correlated in both sexes. However, in men, both waist circumference and WHR showed similar correlation with IAF by MRI, while in women, DEXA was a little better than waist circumference and much better than WHR. Further research is needed to assess whether the CAF measured by DEXA is a better predictor of IAF than anthropometric measurements in obese men and obese women.
